Phenylpropanoid Metabolism, Glycoconjugate, Flavour Precursor, Aroma Ester, Methyl Cinnamate Methyl and ethyl cinnamate are aroma volatiles frequently occurring in fruits. Evidence was obtained that the enzymatic transfer of cinnamic acid to endogenous alcohols present in fruits (methanol, ethanol, 1-propanol) depended on energy-rich 1-O-glycosyl esters of cin namic acid which served as acyl donor molecules. A putative 1-O-fra/w-cinnamoyl-^-D-glucopyranose; alcohol cinnamoyltransferase from cape gooseberry (Physalis peruviana L.) was active towards l-0-rra«s-cinnamoyl-/3-D-glucopyranose and l-0-rrans-cinnamoyl-/3-D-gentiobiose. The enzyme was purified 290-fold by a protocol including ammonium sulphate precipi tation, solubilization by Triton X-100, gel permeation and affinity chromatography on concanavalin A. The acidic glycoprotein {p i = 4.8) most probably is membrane bound. The distribution of alcohol cinnamoyltransferase activity in gel chromatography fractions suggests a native Mr of 75,000. For l-O-mms-cinnamoyl-ß-D-glucopyranose, an apparent K m of 69 ^im was determined. At pH > 6.0, non-enzymatic transesterification superposes the enzymatic transformation.
Introduction
The flavour of m any fruits is d eterm in ed by vol atile carboxylic acid esters. M ethyl and ethyl cin nam ate stand for widely occurring arom a esters (M aarse et al., 1994) possessing p leasant and bal samic, tropical-fruit-notes. W hereas in fruits m ethyl cinnam ate generally is p re se n t at low con centrations, in som e E u calyptu s species transm ethyl cinnam ate am ounts to 9 4 -9 9 % of the oil yield, superseding O cim um canum (basil, m ethyl cinnam ate type), in which m ethyl cinnam ate am ounts to 87% o f the total oil (C urtis et al., 1990) . A p art from its flavour, m ethyl cinnam ate is assum ed to possess several bioactivities. The cin namic acid ester was held responsible for an ovipositional deterrence of the onion fly (Cowles e ta l., 1990), repellence to blackbirds (A very and D ecker, 1992) , and larvicidal activity in K a em p feriae rh izom a (Kiuchi et al., 1988) . D espite its fre quent occurrence in the plant kingdom and its as sum ed range of bioactivity, the g en eration of methyl cinnam ate in plant tissues rem ained unclear.
The objective of the p resent study was to reveal the enzym ology associated with m ethyl and ethyl cinnam ate form ation in fruits. The biosynthesis of O -esters, such as the related hydroxycinnam ic acid (H C A ) conjugates in plants, in the m ajority of cases, proceeds via the H C A -coenzym e A thioesters or via the 1-O -H C A -ß-glucosides (M ock and Strack, 1993) . In the latter case, the form a tion of an O -ester by transfer of an H C A -m oiety to an H O -bearing acceptor m olecule is catalyzed by 1-O -acylglucose-dependent O -acyltransferases (Strack and M ock, 1993) .
In line with these results, 1-O -cinnam oylglycosides, as possible non-volatile progenitors, have been identified in several fruits (L atza et al., 1996a, b) . In cape gooseberry (Physalis peru via n a L.), 1-O -rra/is-cinnam oyl-ß-D-gentiobiose was detected. 
M aterials and M ethods

P lan t m aterial
Fruits of C olom bian cape gooseberry ( P hysalis peru vian a L.) w ere purchased from the local m ar ket. The surrounding d eh y d rated calycles w ere re m oved. U nd am ag ed fruits, free from infection (visually inspected), w ere selected and stored at 10 °C until used for extraction.
Chem icals
l-0 -frwi5-C innam oyl-/3-D-glucopyranose and 1-O -frans-cinnam oyl-ß-D -gentiobiose were synthe sized as described (L atza et al., 1996a; Plusquellec et al., 1986). l-0 -fra« s-C in n am o y l-6 -0 -a-L -arab inofuranosyl-/?-D -glucopyranose was isolated from fruits of P sidiu m gu ajava as re p o rte d previously (L atza et al., 1996a). The ^rans-cinnamoyl coen zym e A th io ester was p re p a re d by a m ixed anhy dride p ro ced u re (Fong and Schulz, 1981) .
Isolation an d p a rtia l pu rification o f alcoh ol cinn am oyltran sferase
A ll buffers co ntained 1 mM phenylm ethylsulfonyl fluoride (PM SF, Sigma, G erm any) as a p ro te ase inhibitor. Fruits of cape gooseberry (100 g) w ere hom ogenized with 120 ml distilled w ater, 68 g dry am m onium sulfate and 20 mg PM SF in a R o to r b len d er (R o to r AG, Sw itzerland) for 5 min at 14,000 rpm . The seeds w ere not broken up. A f te r ad justm ent to p H 5.0 with 2.0 m N aO H , the hom ogenate was centrifuged at 35,000 x g for 20 min. The p ellet was resuspended in 40 ml buffer A (50 m M sodium phosphate, p H 5.0, containing 0.1% Triton X-100) and the suspension was centri fuged at 35,000 x g for 20 min. To the supernatant, which is term ed the crude extract, dry am m onium sulfate (14 g) was added and dissolved by stirring. A fte r centrifugation at 39,000 x g for 20 min, the precipitate was redissolved in 2.0 ml buffer A. In soluble rem ainders w ere rem oved by centrifuga tion at 10,000 x g for 10 min. The enzym e extract was clarified by m em brane filtration using a Chromafil 0.45 [.im polyvinylidene difluoride filter (PVDF, M acherey-N agel, G erm any).
For gel filtration chrom atography, 0.5 ml of en zyme extract was loaded o n to a colum n of Superdex 200 H R 10/30 (29.5 x 1 cm, Pharm acia, Swe den), which was pre-equilibrated with 50 m M sodium phosphate buffer, p H 5.0. E lution was car ried out with the sam e buffer at a flow rate of 0.75 m l/min (Glass H P L C ). A ctive fractions (1.5 ml) w ere pooled, diluted with the threefold am ount of buffer B (20 mM Tris-HCl, p H 7.4, 0.5 m NaCl, 1 mM M nCl2, 1 mM C aC l2), and adjusted to pH 7.4. For affinity colum n chrom atography, pooled sam ples of four re p e ated runs w ere applied onto a colum n of Con A Sepharose (FPLC , 4 x 1 cm, Pharm acia), which h ad been equilibrated with buffer B, at a flow rate of 1 ml/min. The bound activity was eluted with a linear gradient of m ethyl a-D -glucopyranoside (0 .0 -0 .2 m ) in buffer B for 30 min. A ctive fractions (2 ml) w ere pooled and dialyzed against 10 mM sodium p h osphate buffer, pH 5.0.
E n zym e assays
Enzym e activity of alcohol cinnam oyltransfer ase was determ ined by SPM E /G C analysis of the m ethyl cinnam ate form ed (Yang and Peppard, 1994) . The standard assay m ixture contained 0.66 m m ethanol, 0.16 m M \-0 -tra n s-c in n a m o y \-ß -D-glucopyranose and 0.1 m sodium phosphate buffer (buffer C), p H 5.0, in a final volum e of 3.0 ml. The reaction was initiated by adding 1.0 ml of enzym e solution (pH 5.0). A fter incubation for 3 h at 40 °C, the reaction was term in ated by in stant freezing at -20 °C. P rio r to SPM E liquid sam pling, the rethaw ed m ixture was diluted 1:1 with buffer C. Two ml of the solution w ere m ixed with 0.8 g of dry NaCl and the SPM E fiber, consisting of fused silica coated w ith 85 [im polyacrylate (Supelco Inc., B ellefonte, PA ), was inserted. U nder stirring, the fiber rem ained in the liquid for 35 min. For therm al desorption, it was subse quently introduced into the G C injector in splitless mode.
G C was carried out on a H R G C Fractovap 4160 chrom atograph (C arlo E rb a, Italy) equipped with a regular split/splitless inlet, a flam e-ionization detector, a deactivated FS-Phenyl-Sil pre-colum n (3 m x 0.32 m m i.d., CS, G erm an y ), and a BC SE 54 fused silica colum n (25 m x 0.32 m m i.d., film thickness 0.4 pm, L eupold, G erm any). O perating conditions w ere as follows: C arrier gas H 2 at 3.25 ml/m in, injector 250 °C, d e te c to r 270 °C. The colum n was held at 60 °C for 5 m in and tem p er ature was increased to 250 °C at a rate of 3 °C/ min. D ilutions of m ethyl cinnam ate (Fluka, G e r m any) in 0.1 m buffer C w ere used to fit an ex ter nal standard curve in th e range of 0.1 pM to 1.0 pM.
Pectin m ethylesterase (P M E ) activity in ch ro m atographic fractions was m o n ito red by a dyebased assay (W ojciechow sky and Fall, 1996) , using highly esterified Pom osin pectin type B (H ercules/ Pom osin, G erm any) as a substrate.
Isoelectric focu sin g a n d g el activity detection o f a lco h o l cinn am oyltran sferase
Isoelectric focusing was p erfo rm ed in polyacryl am ide gels (12 x 12 x 0.05 cm, 10% PA A ), poly m erized from a m ixture of 2.3 ml double-distilled water, 7.6 ml acrylam ide/ bisacrylam ide (32.5/1), 5.3 ml 60% (v/v) glycerol, 0.8 ml am pholytes (pHrange from 3 -1 0 ), 16 pi 50% (w/v) am m onium persulfate and 7 pi T E M E D . P rior to electro p h o resis, active C on A fractions w ere dialysed against double-distilled w ater and co n cen trated by evapo ration u nder reduced p ressu re at 30 °C. The cath ode solution was 0.5 m N a O H and the anode solu tion 0.5 m phosphoric acid. A fte r prefocusing, gels w ere run at 200 V for 0.5 h, th en at 1000 V for additional 2.5 h. Sam ple p ro tein s and IE F stan dards (p/-ran g e from 4 .4 5 -9 .6 , B io-R ad, G e r m any) w ere stained w ith C oom assie blue. To posi tively detect alcohol cinnam oyltransferase activity, half of the gel was left unstained. Sections of the sam ple lane w ere cut o u t and in cubated in the standard assay m ixture as described above. 
R esults E n zy m e preparation
A n enzym e m ixture which show ed alcohol cin nam oyltransferase activity was purified ab out 290-fold from fruits of cape gooseberry (P h ysalis p e ru viana L.) by a p ro ced u re including am m onium sulphate precipitation, solubilization effected by Triton X-100, gel filtration and affinity ch ro m ato graphy. The overall recovery was 20% (Table I) .
A t about 60% am m onium sulphate saturation, the precipitable fraction of the initial hom ogenate was sedim ented along w ith cell fragm ents and seeds. O ut of the sedim ent, solubilization of alco hol cinnam oyltransferase activity could only be obtained after 0.1% Triton X-100 was included. This points to a m em brane bound transferase. From the resulting crude extract, a precipitate was ob tain ed after re-adjustm ent to 60% am m onium sulphate satu ratio n . The p recipitate was redis solved and used for subsequent gel perm eation ch rom atography on S uperdex 200 H R 10/30 (Fig. 1) . Fractions corresponding to the m ajor peak of alcohol cinnam oyltransferase activity (fractions 8 to 10, m axim um activity in fraction 9)
w ere subjected to affinity ch rom atography on a C on A S epharose colum n (Fig. 2) . A fte r nonbound co ntam inants (flow -through) w ere washed out, the alcohol cinnam oyltransferase activity was eluted in a linear gradient of m ethyl a-D-glucopyranoside, indicating th at the enzym e is a glycopro tein. A lthough a single activity peak was eluted from the Con A colum n at a co n centration of abo u t 80 mM m ethyl a-D -glucopyranoside (Fig. 2) , su b sequent reanalysis by gel p erm eatio n chrom a tography on Superdex 200 H R 10/30 revealed the presence of apparently th ree m ajor proteins (Fig. 3) . The distribution of alcohol cinna m oyltransferase activity in the chrom atographic fractions suggested th a t the enzym e was the p ro tein eluting first, thus having the highest m olecular mass. Small activities of alcohol cinnam oyltrans ferase in the subsequent fractions w ere in terp reted as a result of chrom atographic tailing.
As pectin m ethylesterases (P M E ) from fruits frequently are described as glycoproteins (G lover and Brady, 1994) , the presence of a PM E in the final enzym e extract was expected. Indeed, the protein eluting last was found to exhibit pectin m ethylesterase activity (Fig. 3) . In view of the low total protein co n ten t ab o u t 0.1 mg absolute mass and m inute specific activity, fu rth er a ttem p ts to fully separate the alcohol cinnam oyltransferase ac tivity from the interferin g polypeptides by FPL C or H PL C -based m ethods, o r by p rep arativ e elec trophoresis, failed. H ow ever, despite the incom plete purification, studies on kinetics and substrate specificity of alcohol cinnam oyltransferase re sulted in co h eren t sets of d ata, as they w ere to be expected from a p u re activity.
K inetic p ro p erties an d su bstrate specificity
A lcohol cinnam oyltransferase activity co n form ed to hyperbolic M ichaelis-M enten kinetics. U n d er stand ard assay conditions, the a p p a re n t K m value for l-0-fram -cinnam oyl-/?-D -glucopyranose, obtained from a single-reciprocal analysis (Fig. 4) , was 69 (im. S ubstrate co ncentrations o f 1 -O -transcinnamoyl-/?-D-glucopyranose w ere varied in the range of 6.25 [im to 1.25 mM, w hereas the m ethanol content (second su b strate) was k ep t co n stan t at 0.66 m. U n d er these conditions no su b strate inhibi tion could be observed, and a p p a re n t Vmax was d e term ined as 24.6 nm ol m in-1 for [Substrate] = 1.25 mM.
A t a c o n s ta n t level o f 0. 
Tem perature and p H d epen den cy
The tem p eratu re optim um was at 45 °C. A s pH had a profound effect on product form ation (Fig. 5) , its value was kept constant at pH 5.0 d u r ing perform ance of activity assays. In the range betw een pH 4.0 and 6.0 form ation of m ethyl cinnam ate solely was affected by alcohol cinna m oyltransferase activity. A t higher pH -values, that do not occur in a physiological environm ent, nonenzym atic transesterification readily can occur and overrides the enzym atic transform ation. A bove pH 10, 1-O -rra/ts-cinnam oyl-ß-D-glucopyranose is subjected to alkaline hydrolysis. A s enzym atic and non-enzym atic transesterification com peted in the range betw een pH 6.0 and 10.0, a pH optim um b e tw een pH 7.0 and 8.0 was assessed by subtraction of non-enzym atic rates (control) from the com bined tran sfo rm atio n (total).
Isoelectric p o in t an d m olecu lar m ass
The p/-value o f alcohol cinnam oyltransferase was d eterm in ed by native IE F -P A G E based on the m obilities of IE F m ark er proteins. In accordance with the results of gel filtration chrom atography, th ree bands of sam ple p ro tein w ere d etected at p/-values of 8.4; 7.6 and 4.8. In o rd er to locate the alcohol cinnam oyltransferase activity, half of the slab gel was left unstained, allowing the enzymes to m aintain th eir activity. R espective sections were sliced and assayed for alcohol cinnam oyltransfer ase activity by incubation in the standard assay m ixture. A ctivity was d etected in the section cov ering p i = 4.8, indicating a ra th e r acidic protein. N o o th e r protein b and contained any transferase activity for the sub strates used.
By gel perm eatio n , native M r-values of 75,000; 48,500 and 31,000 w ere assigned to the three m ajor bands (Fig. 3) . In agreem en t with the IE F pattern, den atu rin g SD S-polyacrylam ide gel electro phore sis also show ed th ree m ajor bands (Fig. 6 ). C on sidering the d istribution of alcohol cinna m oyltransferase activity in gel chrom atography fractions (Fig. 3) , th e transferase should exhibit the highest m olecular weight of 75.0 kD a, co rre sponding to 72.5 k D a determ in ed by SDS-PA G E. M r-values of 45,500 and 35,000 referred to the ac com panying proteins. By analogy w ith th e above considerations, the pectin m ethylesterase of cape gooseberry show ed a native m olecular w eight of 31.0 kD a (35.0 k D a by SD S-PA G E, respectively).
Discussion
The p resent study describes the enzym atic l-Oacylglucose-dependent transfer of cinnam ic acid to m ethanol, ethanol or 1-propanol by an activity iso lated from cape gooseberry (Fig. 7) . acyl-moieties, in particular regarding hydroxycinnamic acids (Strack and M ock, 1993) . In accor dance with this concept, th e re was no cofactor requirem ent of alcohol cinnam oyltransferase from cape gooseberry. As the acyl d o n o r m olecule, 1 -0 -rrans-cinnam oyl-ß-D -glucopyranose routinely was em ployed in the standard assay m ixture. A s a n a t ural substrate occurring in cape gooseberry, 1-0 -/ratts-cinnamoyl-/3-D-gentiobiose was also ac cepted as an acyl donor, b u t with m uch less affin ity. From kinetic studies (d ata n o t show n), a p p a r ent K m was extrapolated to 3.5 m , com p ared to 69 [im for l-O -Zrans-Cinnam oyl-ß-D -glucopyranose (Fig. 4) . l-O -rrans-cinnam oyl-ö-O -a-L -arabinofuranosyl-/?-D-glucopyranose from guava did not serve as a substrate. Free cinnam ic acid and transcinnamoyl C oA were not tran sfo rm ed to alkyl cinnamates. A dditional studies will be necessary to show if p-coum aroyl-, caffeoyl-, feruloyl-o r sinapoylglucose may serve as acyl-donor substrates. A s our m ain interest referred to aro m a biogenesis in fruits, no effort was m ade to synthesize and apply the ubiquitous 1-O-glucose esters of hydroxycinnamic acids.
As the second substrate, m ethanol, eth an o l and 1-propanol w ere em ployed as H O -accep to r m o le cules. These alcohols are the m ost ab u n d an t short chain alkanols of straw berry fruit. In the juice of ripe straw berries, 1.2 m M m ethanol, 0.2 m M e th a nol and 0.1 mM 1-propanol, to g e th e r am ounting to 89% of the free alcohol content, w ere detected (U ed a et al., 1992) .
R espective data on cape gooseberry w ere not available. The alcohols served directly in m ethyl, ethyl, and propyl cinnam ate form ation and w ere acylated with sim ilar affinity. Since only m ethyl and ethyl cinnam ate are of significance to the aro m a of fruits, o th er alcohols w ere not tested.
A s a result of the perform ed experim ents, proof was given for l-O-r/Yms-cinnamoyl-ß-D-glucopyranose: alcohol cinnam oyltransferase activity in en zyme extracts of cape gooseberry at pH < 6.0. A n issue of particular im portance is that the non-enzym atic transesterification reaction can readily re sult at pH > 6.0 (Fig. 5) . To avoid the danger of obtaining artifactual results, assays for m easuring alcohol cinnam oyltransferase activity w ere con d ucted at pH 5.0. The enzym e activity was m oni to red by analysis of form ed alkyl cinnam ates. As this d em anded for a m ethod of trace analysis, a recently developed and highly-sensitive variation of the adsorption techniques, solid phase m icroextraction (SPM E, Yang and Peppard, 1994) was applied in com bination with high-resolution gas chrom atography.
The purification of alcohol cinnam oyltransfer ase en ded up with a protein fraction containing th ree m ajor proteins. A fter the last purification step, total p ro tein mass was very low (Table I) and am o u n ted to 0.13 mg. In view of the low specific activity, fu rth er attem pts to com plete the purifica tion, failed. H ow ever, alcohol cinnam oyltransfer ase activity partially could be separated from an accom panying pectin m ethylesterase activity by gel filtration rechrom atography (Fig. 3) . B oth, SD S-PA G E and IE F-PA G E of the final extract ex h ibited th ree m ajor proteins. From IE F-PA G E , a m ajor b and at p / = 4.8 unequivocally was assigned to alcohol cinnam oyltransferase activity, w hereas a native M r of 75.0 kD a was concluded from the d istribution of transferase activity during gel filtra tion (Fig. 3) .
In view of the low specific activity of 1 -O -transcinnamoyl-/?-D-glucopyranose: alcohol cinna m oyltransferase, the transferase reaction m ight re flect a side-activity of a know n enzyme. The dis tinctive featu re of the enzym e to yield a carboxylic acid m ethyl ester in the presence of m ethanol u n d er aqueous conditions resem bles the characteris tics of non-specific lipid acyl hydrolases from dif-feren t plants and m icroorganism s (M ukherjee, 1994, 1990) . Some of these lipolytic enzym es c a ta lyze the tran sfer of acyl groups from a wide range of glycerolipids to m ethanol to yield m ethyl esters of fatty acids. So far, these enzym es seem ingly are n ot d ep en d en t on activated acyl m oieties. O n the contrary, biosynthesis of arom a esters in fruits of straw berry, banana, m elon, and apple repeatedly has been rep o rted to be an acyl- 1996) . H ow ever, alcohol cinnam oyltransferase from cape gooseberry did not exhibit activity tow ards transcinnam oyl C oA . A s alcohol cinnam oyltransferase activity also was detected in fruits of straw berry (d ata not show n), the enzym e seem s to coexist w ith acyl-C oA -dependent alcohol acyltransferases. O n account of its high content of pectins (0,68% , Low er, 1992) and polyphenols (2,1 g x k g -1, Perkins-Veazie, 1995), the above described m ethod of enzym e purification tu rned out to be inapplicable to straw berry fruit. T herefore, straw berry alcohol cinnam oyltransferase was not further analyzed.
A glucose ester-dependent transferase reaction was first discovered in the biosynthesis of indolylacetic acid-rayo-inositol ester in kernels of Zea m a ys (M ichalczuk and B andurski, 1980) ; m ean while, th ere is increasing evidence that in p articu lar the form ation of hydroxycinnam ic acid esters via 1-O -hydroxycinnam oyl glucosides plays an im p o rta n t role as an alternative to the C oA -dependent transferase reactions (Strack and M ock, 1993) . In this report, evidence was provided for a related 1-O -cinnam oylglycoside-dependent tra n s ferase reaction which could be involved in arom a ester biogenesis.
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